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ABSTRACT 
The f a b r i c a t i o n  problems and device  c h a r a c t e r i s t i c s  of 
Ge-GaAs and ZnSe-GaAs he t e ro junc t ions  a r e  being s tud ied .  
The q u a l i t y  of t h e  ZnSe l a y e r  grown on GaAs , us ing  a  
close-spaced H C 1  process ,  has  been i n v e s t i g a t e d  a s  a  func t ion  of 
t h e  s u b s t r a t e  o r i e n t a t i o n .  The b e s t  l a y e r s  have been obta ined  f o r  
GaAs s u b s t r a t e s  o r i e n t e d  5 "  of f  (111) and low H C 1  concen t r a t ions .  
Various techniques f o r  d i f f u s i n g  Zn i n t o  t h e  ZnSe l a y e r  t o  reduce 
i t s  r e s i s t i v i t y  and through i t  t o  form t h e  base  reg ion  of an 
nZnSe-pGaAs-nGaAs t r a n s i s t o r  have been s tud ied .  Process  c o n t r o l  
i s  q u i t e  c r i t i c a l  i n  t h i s  technology i n  o rde r  t o  o b t a i n  u s e f u l  
t r a n s i s t o r  performance. 
The low-temperature i o d i n e  system has  been used t o  grow 
G e  on GaAs. Pre l iminary  measurements on the  r e s u l t i n g  diodes showed 
cons ide rab le  improvement i n  t h e i r  forward i-v c h a r a c t e r i s t i c s  and 
no t r a c e  of c ros s -d i f fus ion .  
The s o l a r - c e l l  e f f i c i e n c y  of ZnSe-GaAs, Gap-Si, ZnSe-Ge 
and GaAs-Ge h e t e r o j u n c t i o n s  have been computed and compared wi th  
S i  and GaAs homojunction c e l l s .  The performance p o t e n t i a l  of ZnSe-GaAs 
c e l l s  i s  shown t o  exceed t h a t  f o r  bo th  S i  and GaAs c e l l s  i f  i n t e r f a c e  
recombination l o s s e s  a r e  smal l .  
INTRODUCTION 
The i n v e s t i g a t i o n s  d u r i n g  t h i s  q u a r t e r  on o u r  g r a n t  have been 
concerned w i t h  t h e  f a b r i c a t i o n  of ZnSe-GaAs h e t e r o j u n c t i o n  t r a n s i s t o r s ,  
t h e  low tempera tu re  growth of Ge-GaAs h e t e r o j u n c t i o n  t r a n s i s t o r s  and 
a  t h e o r e t i c a l  s t u d y  o f  t h e  expec ted  performance of h e t e r o j u n c t i o n  
s o l a r  c e l l s .  
The s t u d i e s  of t h e  ZnSe-GaAs t r a n s i s t o r  a r e  concerned w i t h  
t h e  dependence of t h e  q u a l i t y  of t h e  grown l a y e r  on t h e  s u b s t r a t e  
o r i e n t a t i o n ,  t h e  t e c h n i q u e s  f o r  f a b r i c a t i n g  ZnSe-GaAs t r a n s i s t o r s  
w i t h  low r e s i s t i v i t y  ZnSe and s u i t a b l e  GaAs b a s e  w i d t h s  and methods 
f o r  o b t a i n i n g  h e a v i l y  doped ZnSe l a y e r s .  The s t u d y  of Ge-GaAs 
h e t e r o j u n c t i o n s  h a s  c o n c e n t r a t e d  on t h e  low tempera tu re  growth of 
G e  on GaAs u s i n g  low t e m p e r a t u r e  i o d i n e  t r a n s p o r t  i n  o r d e r  t o  reduce  
c r o s s  doping between t h e  Ge and G a A s  and improve t h e  d e v i c e  c h a r a c t e r -  
i s  t i c s ,  
The s o l a r - c e l l  s t u d y  h a s  been conducted i n  o r d e r  t o  compare 
t h e  e f f i c i e n c y  of t h e  most p romis ing  h e t e r o j u n c t i o n  c e l l s  w i t h  t h e  
performance of S i  and GaAs homojunct ion c e l l s .  
2 .  STUDIES OF THE GROWTH OF ZnSe UPON GaAs 
I n  t h e  l a s t  q u a r t e r l y  r e p o r t  ZnSe growths on v a r i o u s  major  
o r i e n t a t i o n s  of G a A s  were  s t u d i e d  u s i n g  t h e  H C 1  c lose -spaced  v a p o r  
t r a n s p o r t  growth system.  The r e s u l t s  r e v e a l e d  t h a t  ZnSe grew smoothly  
on o r  n e a r  t h e  (100) o r i e n t a t i o n  b u t  n o t  on (111) o r i e n t a t i o n s  where 
s t r u c t u r e d  s u r f  a c e s  (o f  pyramids and h i l l o c k s )  occur red .  Growth r a t e s  
were t y p i c a l l y  2-6 ) ~ m / h r  depending on H C 1  c o n c e n t r a t i o n s  and growth 
t empera tu res .  Smooth growths a r e  p a r t i c u l a r l y  d e s i r a b l e  f o r  h e t e r o -  
j u n c t i o n  p l a n a r  d i f f u s e d  t r a n s i s t o r  f a b r i c a t i o n ,  So d u r i n g  t h i s  q u a r t e r ,  
growth s t u d i e s  on m i s o r i e n t e d  (100) and (111) GaAs were  c o n t i n u e d ,  w i t h  
t h e  hope t h a t  m i s o r i e n t e d  (111) s e e d s  might produce smooth growths .  
Misor ien ted  (111) m a t e r i a l  may have some advan tage  i n  t h e  reduced 
number of i n t e r f a c e  s t a t e s ,  e x p e c t e d  from l a t t i c e  mismatch c o n s i d e r a t i o n s ,  
i n  t h e  (111) p l a n e  r e l a t i v e  t o  t h e  (100) p l a n e .  T h i s  i s  a c o n s i d e r a t i o n  
i n  t r a n s i s t o r  work where i n t e r f a c e  s t a t e s  can reduce g a i n ,  
Growths were made upon GaAs p l a n e s  m i s o r i e n t e d  5 "  o f f  t h e  
(100) p l a n e  (toward (111) p l a n e )  and 5' o f f  t h e  (111) p l a n e  (toward 
t h e  (100) pl.ane) . Growths on 5' o f f  (100) GaAs were m i r r o r  smooth. 
Growths on 5' o f f  (11-1) GaAs r e s u l t e d  i n  h i g h  d e n s i t i e s  of 1 p m  h i g h  
pyramids i f  t h e  H C 1  c o n c e n t r a t i o n  was above ,05%. For low H C 1  con- 
c e n t r a t i o n s  (.02-.05%) on ly  a  s l i g h t  r i p p l e  can b e  s e e n  on t h e  grown 
ZnSe s u r f a c e .  High H C 1  c o n c e n t r a t i o n s  p e n e t r a t e  t h e  p r o t e c t i v e  S i 0 2  
on t h e  GaAs s i d e  and bot tom s u r f a c e s  n o t  grown upon. T h i s  c a u s e s  
A s  and Ga compound fo rmat ion  which may l e a d  t o  pyramids on t h e  growth 
f a c e .  Growth r a t e s  of smooth ZnSe l a y e r s  grown on 5' o f f  (100) and 
(111) GaAs s u b s t r a t e s  a r e  abou t  3 . 5 - 4 . 0 ~ m l h r  f o r  s t a n d a r d  growth 
c o n d i t i o n s  (Source  Temp = 760°C; Seed Temp = 640°C; .04% H C 1 ;  and 
t o t a l  H2 f l o w  = 200 cc /min) .  These r e s u l t s  look  encourag ing  and 
i n  t h e  n e a r  f u t u r e  t r a n s i s t o r s  w i l l  b e  made from ZnSe grown upon 
5 "  o f f  (111) n  t y p e  GaAs. 
3 .  ZnSe-GaAs TRANSISTORS 
During t h i s  q u a r t e r  b e t t e r  methods of making t r a n s i s t o r s  were  
developed u s i n g  Zn d i f f u s i o n  th rough  ZnSe i n t o  GaAs t o  form t h i n  
p-type b a s e  r e g i o n s .  ZnSe r e s i s t i v i t y  ( F ~ n s e ) ,  b a s e  s u r f a c e  c a r r i e r  
c o n c e n t r a t i o n  (CSB), and b a s e  w i d t h  (W) a r e  a l l  c o n t r o l l e d  s i m u l t a n e o u s l y  
d u r i n g  t h e  Zn d i f f u s i o n  s t e p  and are t h e r e f o r e  dependent  on each o t h e r  
th rough  t h e  d i f f u s i o n  t e m p e r a t u r e  (TD),  d i f f u s i o n  t ime ( t D ) ,  and ZnSe 
t h i c k n e s s  (dZnSe). The i d e a l  ZnSe-GaAs t r a n s i s t o r  would appear  t o  have 
a  low ZnSe r e s i s t i v i t y  (low e m i t t e r  r e s i s t a n c e ,  h i g h  f requency  r e s p o n s e ) ,  
h i g h  CSB ( h i g h  d r i f t  f i e l d  t o  f a v o r  i n j e c t i o n ) ,  and s m a l l  base-width  
- 9 W ( t o  p r e v e n t  b a s e  recombina t ion  s i n c e  t h e  l i f e t i m e  i s  1 C  - 10-lo 
s e c .  i n  GaAs). High TD f a v o r s  low %nSe and h i g h  CSB w h i l e  p roduc ing  
b a s e  w i d t h s  t o o  l a r g e .  Low T produces  moderate  QZnSe , low CSB and s m a l l  D 
b a s e  w i d t h s .  Consequent3.y TD, tD, and dZnSe must b e  op t imized .  Using 
t h e  Zn v a p o r - d i f f u s i o n  closed-ampoule quenching t e c h n i q u e  t h e  h i g h e s t  
g a i n  t r a n s i s t o r s  ( f z 5 0 )  were o b t a i n e d  w i t h  t h e  f o l l o w i n g  paramete rs .  
TD = 650°C - 700°C 
t~ = 5 min - 60 min 
It was always n e c e s s a r y  t o  have t h e  ZnSe r e s i s t i v i t y  l a r g e  ( s a y  10 5  
3 i n s t e a d  o f  1 0  ohm-cm) t o  o b t a i n  t h e  h i g h e s t  g a i n .  S i m i l a r  b e h a v i o r  
h a s  been e x p e r i e n c e d  i n  ZnSe-Ge t r a n s i s t o r s  and i s  t e n t a t i v e l y  e x p l a i n e d  
i f  wide d e p l e t i o n  w i d t h s  i n  t h e  ZnSe have t h e  e f f e c t  of r educ ing  t h e  
d e f e c t  c u r r e n t  a t  t h e  ZnSe-Ge i n t e r f a c e .  T h i s  may a l s o  occur  i n  ZnSe- 
G a A s  t r a n s i s t o r s .  Consequent ly ,  i n  t r a n s i s t o r  f a b r i c a t i o n  QZnSe and 
W w i l l  be  made low w h i l e  CSB i s  made h i g h  by u s i n g  r e a s o n a b l y  h i g h  
t e m p e r a t u r e s ,  s h o r t  t i m e s ,  and small ZnSe t h i c k n e s s e s .  Then &nse 
can b e  i n c r e a s e d  by h e a t i n g  a t  moderate  t e m p e r a t u r e s  (where CSB and 
W are n o t  a f f e c t e d )  t o  a d j u s t  t h e  t r a n s i s t o r  f o r  p roper  g a i n  o r  f requency  
response .  I t  shou ld  b e  n o t e d  h e r e  t h a t  t h e  ZnSe r e s i s t i v i t y  a f f e c t s  n o t  
o n l y  g a i n  b u t  a l s o  e m i t t e r  r e s i s t a n c e  s o  t h a t  i n  i n c r e a s i n g  Gnse one 
t r a d e s  o f f  low emitter r e s i s t a n c e ,  good f requency  r e s p o n s e ,  and s m a l l  
o f f s e t  v o l t a g e  f o r  i n c r e a s e d  gain .  
The method of  c l o s e d  t u b e  Zn d i f f u s i o n  fo l lowed  by quenching i s  
3 
c a p a b l e  o f  s i m u l t a n e o u s l y  p roduc ing  enSe a s  low a s  10 a - c m  and CSB 
1 8  -3 
a s  h i g h  as 5 x  1 0  cm w i t h  b a s e  w i d t h s  down t o  . 5  /lm. However t h i s  
p r o c e s s  i s  u n r e l i a b l e  because  t h e  ZnSe r e s i s t i v i t y  depends on a  quenching 
s t e p ,  and i s  n o t  r e p e a t a b l e .  The r e a s o n  f o r  t h i s  is  t h a t  Zn o u t d i f f u s e s  
from ZnSe s o  f a s t  a t  t h e  quenching t e m p e r a t u r e  (650°C-700°C) t h a t  a  few 
microns  of ZnSe i s  e a s i l y  conver ted  t o  s e m i - i n s u l a t i n g  m a t e r i a l  b e f o r e  
t h e  t e m p e r a t u r e  can drop s u f f i c i e n t l y .  Th icker  ZnSe l a y e r s  ( 5 y m  o r  more) 
which would n o t  a l l  b e  conver ted  t o  h i g h  $, c r a c k  from t h e  quenching s t e p  
and a l s o  r e d u c e  CsB. The quenching p r o c e s s  cannot  b e  c o n t r o l l e d  
3 
a c c u r a t e l y  enough t o  g u a r a n t e e  low QZnSe (10 -=J7--cm) more t h a n  2OX of 
t h e  t ime.  Thus, a l t e r n a t i v e  methods of t r a n s i s t o r  f a b r i c a t i o n  were t r i e d .  
The f i r s t  a l t e r n a t e  method t r i e d  was e v a p o r a t i n g  Zn l a y e r s  
on grown ZnSe, s e a l i n g  t h e  e v a p o r a t e d  sample w i t h  a  s m a l l  amount of 
Zn i n  an  e v a c u a t e d  ampoule, h e a t i n g  s l o w l y  t o  t h e  d i f f u s i o n  t e m p e r a t u r e ,  
d i f f u s i n g ,  c o o l i n g  s lowly  t o  room t e m p e r a t u r e ,  and removing t h e  Zn 
l a y e r .  The s m a l l  amount of added Zn p r o v i d e s  a n  e q u i l i b r i u m  Zn vapor  
p r e s s u r e  t o  s u p p r e s s  Zn e v a p o r a t i o n  from t h e  sample d u r i n g  h e a t i n g .  
Th is  method a l l o w s  t h e  sample t o  be  t empera tu re  c y c l e d  s l o w l y  s o  t h a t  
any i n t e r f a c e  s t r a i n  can be  annea led  o u t  and produces  b a s e  w i d t h s  from 
.1 - . 5  P m  w i t h  g a i n s  as h i g h  as 50. However t h e  ZnSe r e s i s t i v i t y  
4 
o b t a i n e d  was n e v e r  lower  t h a n  5  x 1 0  A-cm because  t h e  e v a p o r a t e d  Zn 
l a y e r s  always c racked  o f f  d u r i n g  h e a t i n g .  The method w a s  abandoned 
because  t h e  c r a c k i n g  problem was a s s o c i a t e d  w i t h  t h e  Zn-ZnSe i n t e r f a c e  
p r o p e r t i e s ,  and no p r o t e c t i v e  c o a t i n g  (Ni and C r  were t r i e d )  cou ld  
al ter  t h e  problem. 
Another method t r i e d  was c losed- tube  vapor  d i f f u s i o n  of Cd i n t o  
grown ZnSe fo l lowed  by quenching.  Cd i s  a  Group I1 e lement ,  and i t  
shou ld  r e p l a c e  Zn ( f i l l  up Zn v a c a n c i e s )  i n  ZnSe. Cd d i f f u s i o n s  i n  
h i g h  r e s i s t i v i t y  ( l o 8  ohm-cm) Ga doped b u l k  ZnSe have produced 10 ohm-cm 
ZnSe (Zn t r e a t m e n t  produces  0 . 1  ohm-cm ZnSe) showing t h a t  t h e  method i s  
f e a s i b l e .  D i f f u s i o n  of Cd i n  ZnSe may b e  s l o w e r  t h a n  Zn, and i t  was hoped 
t h a t  o u t d i f f u s i o n  of Cd d u r i n g  quenching would b e  slow enough t o  p r e v e n t  
t h e  ZnSe from becoming h i g h  r e s i s t i v i t y .  However when ZnSe-GaAs s t r u c t u r e s  
were h e a t e d  i n  Cd vapor  t o  650°C f o r  20 min. and c o o l e d ,  t h e  grown ZnSe 
l a y e r  was found t o  have been comple te ly  removed by t h e  Cd vapor .  Doped 
p- layers  of .1 - . 2 p m  were formed i n  t h e  u n a t t a c k e d  GaAs i n d i c a t i n g  
t h a t  Cd was e f f e c t i v e  as a p-type b a s e  f o r m a t i o n  dopant .  
Cd a t t a c k  of grown ZnSe l a y e r s  prompted u s i n g  a  t h i n  p r o t e c t i v e  
l a y e r  o f  S i 0 2  p y r o l y t i c a l l y  d e p o s i t e d  on grown ZnSe a t  430°C, E i t h e r  
Cd o r  Zn can d i f f u s e  th rough  t h i s  l a y e r  r e a c h i n g  t h e  ZnSe a t  reduced 
c o n c e n t r a t i o n s  p r e v e n t i n g  a t t a c k .  The S i 0 2  h a s  t h e  advan tage  of 
p r e v e n t i n g  t h e  o u t d i f f u s i o n  of Cd o r  Zn d u r i n g  t h e  quenching s t e p  s i n c e  
Zn and Cd d i f f u s e  much s l o w e r  through S i 0 2  t h a n  ZnSe. Its d i s a d v a n t a g e s  
a r e  t h a t  h i g h e r  t e m p e r a t u r e s  o r  l o n g e r  t i m e s  a r e  n e c e s s a r y  t o  a c h i e v e  
n e c e s s a r y  b a s e  w i d t h s  and t h a t  CSB i s  lowered due t o  a  reduced Zn 
c o n c e n t r a t i o n  produced by t h e  S i02 .  T h e r e f o r e ,  t h e  S i 0 2  t h i c k n e s s  
must be  made s m a l l  enough t o  a l l o w  good b a s e  w i d t h  c o n t r o l  and y e t  
t h i c k  enough t o  p r e v e n t  Zn o r  Cd o u t d i f f u s i o n  and a t t a c k .  With t h e s e  
i d e a s  i n  mind a  500-1000 l a y e r  of S i 0 2  was grown upon a  4  Pnm 
ZnSe grown l a y e r  (on GaAs ) ,  Zn was used as a d i f f u s a n t  s i n c e  i t  
produces  two o r d e r s  of magnitude lower $ ZnSe t h a n  does  Cd under  
i d e n t i c a l  c o n d i t i o n s .  Tab le  I summarizes t h e  d i f f u s i o n  r e s u l t s .  
Samples were quenched from t h e  d i f f u s i o n  t e m p e r a t u r e .  
I 
Run t~ G n S e  I W I d ~ i 0 2  d ~ n ~ e  T~ 
Tab le  I ZnSe-GaAs T r a n s i s t o r  F a b r i c a t i o n  Using S i 0 2  Mask and 
Zn Vapor-Quenching Process ( (100)  GaAs, n  = 1 x l ~ l ~ c m - ~ )  
Although emitter b a s e  and c o l l e c t o r - b a s e  V- I  c h a r a c t e r i s t i c s  were 
v e r y  good f o r  a l l  of t h e s e  d e v i c e s ,  l i t t l e  t o  no t r a n s i s t o r  a c t i o n  
'was s e e n .  One sample o f  TR-14-100 showed a  g a i n  of u n i t y .  TR-14-100 
h a s  i d e a l  t r a n s i s t o r  p a r a m e t e r s ,  b u t  i t s  low g a i n  i n d i c a t e s  t h a t  e i t h e r  
t h e  ZnSe-GaAs i n t e r f a c e  p r o p e r t i e s  a r e  p r e v e n t i n g  i n j e c t i o n ,  CSB i s  
t o o  low, o r  t h e  GaAs e l e c t r o n  l i f e t i m e  is  t o o  low. M a t e r i a l  from o n l y  
one b o u l e  o f  GaAs was used f o r  t h e  S i02  exper iments ,  and it i s  b e l i e v e d  
t h a t  i t s  l i f e t i m e  i s  t o o  low t o  make t r a n s i s t o r s .  N e w  m a t e r i a l  h a s  been  
o r d e r e d .  I n  t h e  i n t e r v a l  b e f o r e  i t  a r r i v e s ,  t h i n n e r  o x i d e s  w i l l  b e  t r i e d  
t o  i n c r e a s e  CsB and see whether  t h i s  is  r e s p o n s i b l e  f o r  low g a i n .  The 
h i g h e r  311se of TR-13-D and TR-14-100, where t h e  S i 0 2  t h i c k n e s s  i s  h i g h e r ,  
i n d i c a t e s  t h a t  t h e  Zn c o n c e n t r a t i o n  i s  low making CSB low. F i g u r e  1 
shows a  t y p i c a l  e m i t t e r - b a s e  (~nSe-GaAs) V - I  c h a r a c t e r i s t i c  f o r  a Zn 
d i f f u s e d  S i 0 2  p r o t e c t e d  t r a n s i s t o r .  Note t h a t  an  e x p o n e n t i a l  c u r r e n t  
v a r i a t i o n ,  I cr e  'XkT o c c u r s  w i t h  \ = 1 .45  f o r  I < A whereas  
FOR W A R D  V O L T S  
F i g .  1. ZnSe-GaAs Emitter-Base 
V-I Characteristic 
p r e v i o u s l y  made e m i t t e r - b a s e  d i o d e s  always y i e l d e d  a  power low 
c h a r a c t e r i s t i c ,  IM: v", There  is  a chance t h a t  t h e  ZnSe r e s i s t i v i t y  
3 i s  l e s s  t h a n  10 a - c m ,  and t h a t  t h e  h e t e r o j u n c t i o n  i s  n o t  b e i n g  masked 
by s p a c e  charge  e f f e c t s  i n  t h e  ZnSe. The e x a c t  P h a s  y e t  t o  b e  ZnS e 
measured w i t h  any accuracy  because  t h e r e  i s  always s i g n i f i c a n t  c u r r e n t  
conduc t ion  through t h e  t h i n  p  l a y e r  i n  t h e  GaAs. The "bending over"  
- 4 
of t h e  forward c u r v e  above 1 0  A i s  n o t  unders tood  a t  t h i s  t ime.  
Measurements were t aken  u s i n g  t h e  two c o n t a c t  t e c h n i q u e  t h a t  e l i m i n a t e s  
s e r i e s  r e s i s t a n c e  s o  t h a t  t h e  bending cannot  b e  a t t r i b u t e d  t o  series 
r e s i s t a n c e  u n l e s s  t h e r e  i s  s i g n i f i c a n t  l a t e r a l  f low between c o n t a c t s .  
The r e v e r s e  c h a r a c t e r i s t i c  does  n o t  f o l l o w  a  power l a w  and a p p e a r s  t o  
- 7 b e  e x p o n e n t i a l  above 5 x  1 0  A. The c o l l e c t o r - b a s e  j u n c t i o n  h a s  an 
e x p o n e n t i a l  forward c h a r a c t e r i s t i c  I q e  '%Ikkr where q =  2.4  f o r  
2 x  1 0 - ~ ~ < 1 < 5  x A and t e n d s  t o  a= 4 f o r  h i g h e r  c u r r e n t s .  The 
r e v e r s e  breakdown i s  h a r d  a t  12-15 v o l t s  ( t y p i c a l l y  I = A a t  
12 v o l t s ) .  
4 .  PROGRESS I N  OBTAINING HEAVILY DOPED n  ZnSe p GaAs 
Some r e c e n t  exper iments  have  been s u c c e s s f u l  i n  p r o v i d i n g  
us  w i t h  lower  r e s i s t i v i t y  ZnSe l a y e r s  t h a n  e v e r  b e f o r e .  The p rocedure  
adopted is  t o  grow t h e  l a y e r  i n  t h e  normal way on GaAs, and then  induce  
t h e  n  t y p e  doping by Se vacancy g e n e r a t i o n .  The nZnSe-pGaAs s t r u c t u r e s  
a f t e r  growth are comple te ly  c o a t e d  on a l l  f a c e s  w i t h  S i 0 2  and h e a t e d  
i n  Zn vapor  at 900°C. The vapor  p r e s s u r e  of Zn a t  t h i s  t empera tu re  
i s  about  one a tmosphere ,  and Se d i f f u s e s  o u t  q u i t e  r a p i d l y  and t h e  
Se v a c a n c i e s  a c t  as donors  p rov ided  t h e  Zn v a c a n c i e s  a r e  suppressed .  
The method produces  0 . 1  ohm-cm n t y p e  ZnSe when b u l k  ZnSe i s  used.  
When l a y e r  s t r u c t u r e s  a r e  used d i r e c t  measurement of t h e  ZnSe r e s i s t i v i t y  
is  n o t  e a s y  b u t  t h e  r e s i s t a n c e  h a s  c e r t a i n l y  been c o n s i d e r a b l y  lowered 
3 5 from t h e  u s u a l  1 0  - 10 ohm-cm range.  The r o l e  of t h e  S i 0 2  c o a t i n g  
i s  t o  p r e v e n t  Zn a t t a c k  of t h e  G a A s  and r a p i d  Zn vacancy c r e a t i o n  i n  
t h e  ZnSe. Se  d i f f u s e s  th rough  S i 0 2  much f a s t e r  t h a n  does Zn, s o  t h a t  
t h e r e  shou ld  be no problem i n  d i f f u s i o n  through t h e  ox ide  a t  900°C, 
Th is  method i s  p r e s e n t l y  n o t  c a p a b l e  of p roduc ing  ZnSe-GaAs t r a n s i s t o r s  
because  b a s e  w i d t h s  would b e  t o o  l a r g e  a t  900°C. But ZnSe l a y e r s  of 
low r e s i s t i v i t y  on h e a v i l y  doped p  t y p e  GaAs shou ld  g i v e  u s e f u l  i n f o r m a t i o n  
about t h e  ZnSe-GaAs i n t e r f a c e ,  now u n o b t a i n a b l e  because  4nSe i s  t o o  l a r g e .  
Such h e a v i l y  doped ZnSe-GaAs d iodes  may a l s o  be  e f f i c i e n t  l i g h t  
e m i t t e r s .  
The 900°C Zn t r e a t m e n t  was a p p l i e d  t o  two samples  of ZnSe grown 
upon .OlR-cm p-type G a A s .  The samples were s l o w l y  h e a t e d  t o  900°C, 
d i f f u s e d  f o r  112 h o u r ,  coo led  s l o w l y  t o  650°C, and t h e n  quenched. One 
sample was a t t a c k e d  by t h e  Zn presumably because  o f  a n  i m p e r f e c t  S i 0 2  
c o a t i n g  b u t  t h e  o t h e r  s u r v i v e d ,  The s u r v i v o r  showed s i g n s  of i n t e r f a c e  
s t r a i n  when l i g h t l y  e t c h e d .  S e v e r a l  d i o d e s  were e a s i l y  f a b r i c a t e d .  
- F i g ,  2  shows t h e  V - I  c h a r a c t e r i s t i c  of such an nZnSe-pGaAs d i o d e ,  
There a r e  s e v e r a l  e x p o n e n t i a l  r e g i o n s  t h e  most i n t e r e s t i n g  of which 
i s  t h e  r e g i o n  l o w 4  A < I  < A where q i s  l e s s  t h a n  u n i t y .  Th i s  
b e h a v i o r  i s  n o t  e a s i l y  e x p l a i n e d  and w i l l  r e q u i r e  more e x p e r i m e n t a l  
work. The r e s i s t i v i t y  of t h e  ZnSe was e s t i m a t e d  a t  about  .5A-cm 
from s e r i e s  r e s i s t a n c e  measurements.  These r e s u l t s  look  p romis ing  
i n  t h a t  s p a c e  charge e f f e c t s  and h i g h  s e r i e s  r e s i s t a n c e  have been 
e l i m i n a t e d .  The r e v e r s e  c h a r a c t e r i s t i c  f o l l o w s  a  power low of 
I M V ~ ' ~  from ~ o - ~ A < I  < l o m 4  A. Breakdown i s  s o f t  a t  abou t  10 v o l t s .  
Fig.  3 compares t h e  V- I  cu rve  o f  a t y p i c a l  ZnSe-GaAs e m i t t e r - b a s e  
d iode  d i f f u s e d  th rough  S i 0 2  a t  650°C w i t h  t h e  c u r v e  of t h e  900°C 
t r e a t e d  ZnSe-GaAs d iode .  We a r e  h o p e f u l  t h a t  t h e s e  p romis ing  new 
c h a r a c t e r i s t i c s  w i l l  e n a b l e  u s  t o  make a s t u d y  of t h e  nZnSe-pGaAs 
i n t e r f a c e  t h a t  may b e  u s e f u l  w i t h  r e s p e c t  t o  b o t h  o p t i c a l  d e v i c e  
and t r a n s i s  t o r  performance.  
5. LOW TEMPERATURE GROVTH OF Ge ON GaAs BY IODINE TRANSPORT 
Work t h i s  q u a r t e r  i n c l u d e d  t h e  f a b r i c a t i o n  of an  i n v e r t i n g  s e e d  
h o l d e r ,  replacement  of a l e n g t h  of dopant  c a r r y i n g  t u b i n g ,  a l t e r a t i o n  
of t h e  dopant  i n t r o d u c t i o n  t i p ,  growths of undoped and p- type l a y e r s  
u s i n g  t h e  i n v e r t i n g  s e e d  h o l d e r ,  and some p r e l i m i n a r y  e v a l u a t i o n  of 
grown h e t e r o d i o d e  d e v i c e s .  
I n  an e f f o r t  t o  promote f u l l  t r a n s p o r t  o f  dopan ts  ( p a r t i c u l a r l y  
t h e  p-type dopant boron t r i - i o d i d e )  from t h e i r  s o u r c e s  i n t o  t h e  
d e p o s i t i o n  r e g i o n ,  t h e  l e n g t h  of pyrex t u b i n g  c o n n e c t i n g  t h e  s o u r c e s  
t o  t h e  q u a r t z  dopant i n t r o d u c t i o n  f i t t i n g  h a s  been r e p l a c e d  w i t h  c a p i l l a r y  
t u b i n g .  Such replacement  produces  a  r e d u c t i o n  i n  c r o s s  s e c t i o n  of about  
twenty t imes  w i t h  a  c o r r e s p o n d i n g  i n c r e a s e  i n  dopant  c a r r i e r  f low v e l o c i t y .  
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Fig. 2 nZnSe-pGaAs Junction Forward Characteris tic 
Af te r  900°C Zn Vapor Treatment 
REVERSE VOLTS 
F i g .  3 Co~n l j a r i son  of  ZnSe-GaAs V - I  Curves  of D i o d e s ,  With 
D i f f e r e n t  Zn Vapor T r e a t m e n t s  a t  900°C and 650°C 
T h i s  e f f e c t  i s  e s p e c i a l l y  i m p o r t a n t  when s m a l l  amounts of dopan ts  a r e  
t o  b e  i n t r o d u c e d  o r  when dopant  t y p e s  a r e  t o  b e  changed i n  forming 
m u l t i - l a y e r  s t r u c t u r e s .  I n  p r e v i o u s  a t t e m p t s  t o  grow h i g h  r e s i s t i v i t y  
p- type germanium w i t h  low boron t r i - i o d i d e  c a r r i e r  gas  f low r a t e s ,  
no dopant  h a s  t r a n s p o r t e d  t o  t h e  s e e d  a r e a  r e s u l t i n g  i n  n- type growths .  
A new c l e a r  q u a r t z  s u b s t r a t e  h o l d e r  h a s  been f a b r i c a t e d  t o  a l l o w  
s e e d s  t o  b e  i n v e r t e d  i n  t h e  d e p o s i t i o n  r e g i o n .  Seeds loaded  i n  t h e  
r e t a i n e r  s l o t s  are suspended by t h e  h o l d e r  from t h e  dopant  i n t r o d u c t i o n  
t u b i n g  d u r i n g  system l o a d i n g .  I n v e r s i o n  of s u b s t r a t e s  i s  a n  a t t e m p t  
t o  e l i m i n a t e  t h e  t r i a n g u l a t e d  s u r f a c e  of growths which i s  thought  t o  
b e  due t o  germanium p a r t i c l e s  which £ a l l  o n t o  t h e  s u r f a c e  o f  non- inver ted  
s e e d s  from t h e  l i n e r  t u b e  w a l l s .  Smooth l a y e r s  are n e c e s s a r y  f o r  j u n c t i o n s ,  
i n t r o d u c e d  by change of d o p a n t s ,  t o  b e  p l a n e - p a r a l l e l  t o  t h e  h e t e r o j u n c t i o n  
i n t e r f a c e ,  
A f i r s t  r u n  u s i n g  t h e  i n v e r t i n g  s e e d  h o l d e r  q u i c k l y  r e v e a l e d  t h e  
need f o r  a l l i g n m e n t  m o d i f i c a t i o n  of t h e  dopan t  i n t r o d u c t i o n  t u b i n g .  
Th is  was done u s i n g  th,e h o l d e r  a s  a  j i g .  The h o l d e r  i t s e l f  was a t i g h t  
f i t  i n s i d e  t h e  l i n e r  t u b e  c a u s i n g  r e p e a t e d  l o s s  of t h e  s e e d  from i t s  
s l o t s  d u r i n g  l o a d i n g .  Th is  was c o r r e c t e d  by c u t t i n g  away a  t h i n  s e c t i o n  
of t h e  h o l d e r  edge f o r  a l o o s e r  f i t  i n  t h e  l i n e r .  
A t e c h n i q u e  h a s  been developed f o r  making mesa d e v i c e s  which p e r m i t s  
t h e  f i n a l  s t e p  t o  b e  e t c h i n g  of t h e  mesas w i t h  s e v e r a l  mesas p e r  50 by 
50 m i l  d i e .  P r e v i o u s  d e v i c e s  c o n s i s t e d  of a s i n g l e  l a r g e  mesa p e r  d i e  
and used c o n t a c t  a l l o y i n g  a s  t h e  f i n a l  s t e p  which always degraded t h e  
j u n c t i o n  c h a r a c t e r i s  t i c s .  Some d i f f i c u l t y  was exper ienced  i n  e v a l u a t i n g  
d e v i c e s  which had p robe  c o n t a c t s  w i t h  r e s i s t a n c e  o f  more t h a n  s e v e r a l  
hundred ohms. Contac t  i s  now a l l o y e d  i n t o  e a c h  mesa t o  overcome t h i s .  
I n  making mesa d e v i c e s  from t h e  l a s t  f i v e  growths from t h e  
p r e v i o u s  q u a r t e r ,  i t  was found t h a t  t h r e e  growths were on h i g h  r e s i s t i v i t y  
G a A s  and t h e r e f o r e  u n s u i t a b l e  f o r  d e v i c e s .  A room tempera tu re  V-I  p l o t  
o f  a d e v i c e  made from one of t h e  o t h e r  two growths h a s  been made u s i n g  
a  t u n g s t e n  p r o b e  t o  p a s s  c u r r e n t  and a  small a l l o y e d  c o n t a c t  a s  a 
p o t e n t i a l  probe.  Th is  p l o t  i s  v e r y  encourag ing  i n  t h a t  i t  y i e l d e d  a  
semi- log s l o p e  v a l u e  o f  about  q =  1.10 w i t h  t h e  n e a r  l i n e a r  r e g i o n  e x t e n d i n g  
over  two decades .  Th is  i s  much b e t t e r  t h a n  h a s  been s e e n  i n  e a r l i e r  
d e v i c e s .  
Two undoped r u n s  were made u s i n g  t h e  new i n v e r t i n g  seed  h o l d e r .  
The i i r s t  gave a  somewhat i r r e g u l a r  s u r f a c e  due t o  seed  s u r f a c e  s c r a t c h e s  
and p o l i s h i n g  i r r e g u l a r i t i e s  and t h e  second showed a  much smoother growth. 
Nei ther  growth showed t h e  t r i a n g u l a r  f e a t u r e s  which a r e  c h a r a c t e r i s t i c  of 
a l l  p rev ious  growths wi th  seeds  face-up. 
A series of p-doped runs were then  made on some newly po l i shed  
G a A s  seeds  us ing  t h e  i n v e r t i n g  ho lde r  f o r  comparison wi th  runs made 
under n e a r l y  i d e n t i c a l  condi t ions  i n  t h e  previous  face-up p o s i t i o n .  
Growth th i ckness  measurements show a growth rate i n  t h e  i n v e r t e d  p o s i t i o n  
of 0.7 t imes t h a t  of t h e  face-up p o s i t i o n ,  perhaps due t o  fewer s u r f a c e  
sites from which growth may proceed. These growths have been d iced  and 
are now be ing  made i n t o  van d e r  Pauw samples f o r  r e s i s t i v i t y  and mob i l i t y  
measurements and i n t o  mesa diodes.  
HETEROJUNCTI ON S  OLAR-CELL CALCULATIONS 
The work i n  t h i s  a r e a  dur ing  t h e  q u a r t e r  has  been formalized i n  
t e r m s  o f  a paper  t o  be  submit ted f o r  pub l i ca t ion .  A copy of t h e  paper  
wi th  t h e  above t i t l e  accompanies t h e  r e p o r t .  
I n  t h i s  paper  so l a r - ce l l '  e f f i c i e n c i e s  are computed f o r  f e a s i b l e  
semiconductor h e t e r o j u n c t i o n  c e l l s  of ZnSe-GaAs, Gap-Si, ZnSe-Ge and 
GaAs-Ge. The a n a l y s i s  i nc ludes  t h e  l o s s  i n  e f f i c i e n c y  because of 
r e f l e c t i o n ,  incomplete c o l l e c t i o n  and i n t e r n a l  s e r i e s  ges i s t ance .  
Optimum a n t i r e f l e c t i o n  f i lms  a r e  a l s o  ca l cu la t ed .  The r e s u l t s  a r e  compared 
wi th  t h e  performances expected of S i  s o l a r  c e l l s  and GaAs homojunction c e l l s .  
ZnSe-GaAs c e l l s  a r e  shown t o  have t h e  p o t e n t i a l  f o r  exceeding t h e  
e f f i c i e n c y  of  bo th  S i  and GaAs c e l l s ,  i f  i n t e r f a c e  recombination l o s s e s  
are s m a l l .  The output  vo l t age ,  vo l t age  r e g u l a t i o n  and temperature per- 
formance should b e  s u p e r i o r  t o  t h a t  of S i  c e l l s .  The window e f f e c t  i n  
t h e  he t e ro junc t ion  c e l l  may a l s o  provide some i n h e r e n t  r e s i s t a n c e  t o  
de te rmina t ion  under r a d i a t i o n  condi t ions .  
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